Abstract. We review the major features of laser diode feedback interferometry for sensing applications. The ensembles of the feedback effects on the optical field can be exploited for several non-contact measurements such as displacement, distance, vibration amplitude and frequency. Methods of signal processing are also discussed.
Introduction
Laser interferometry is a well established technique for displacement measurements, and has matured to the level of easy-to-operate instruments widely used in mechanical metrology and machine-tools control. In addition, with minor modifications of the basic set-up, it has been proposed or applied in a variety of applications, such as vibrometry, velocimetry and recently absolute distance measurements, just to quote a few.
Let us first note that the commonly employed schemes of interferometry, such as the popular Michelson or Mach-Zehnder laser interferometers, can be classified as external configurations, since the laser is external and physically distinct from the optical interferometer, and propagation and recombination (or mixing) of the fields in the measurement and reference paths occur outside the laser cavity. As is well known, the output photodetected signal is amplitude modulated by the function cos 2ks in this case, where k = 2π/λ and s is the optical path difference between the reference and measuring paths.
A second configuration is the one exemplified by the ring laser gyroscope, an interferometer that can be classified * Invited paper.
as internal, as the optical field propagation is confined inside the laser cavity whose optical path length changes because of the Sagnac effect; here the output photodetected signal is frequency modulated by the above 2ks term.
Finally, we may build an interferometer with a feedback configuration (also called self-mixing or induced modulation) using the external cavity formed by the laser and the remote target. Here, light reflected or diffused by the target is coupled back into the laser cavity and generates frequency and amplitude modulation of the laser field, from which we can recover ks with the aid of several schemes.
The feedback interferometer was demonstrated with gas lasers [1] [2] [3] , while the first applications using compact semiconductor sources were reported in [4] [5] [6] [7] . Thanks to the new, reliable laser diode sources, optoelectronic measuring instruments based on this configuration may become very competitive when compared to other classical configurations, with regard to small size, simple set-up and low cost. Indeed, just the laser chip (and the rear photodiode) suffices to make the interferometer, a minimalsize performance unequalled by the usual, bulk-optics, external interferometers.
In this paper we discuss the principle of operation of the feedback interferometer and its instrumental developments for several optical sensing applications. In particular, we illustrate the laser diode feedback interferometer developed in our laboratories which can be used for (i) measurements of displacement, without direction ambiguity, with λ/2 resolution, and (ii) for the reconstruction of the displacement waveform with enhanced resolution, for reflective as well as diffusive targets.
Principles of feedback interferometry
The basic optical set-up of a feedback interferometer is shown in figure 1 . A small fraction of the power emitted by the laser source is backreflected and reinjected into the laser cavity by means of the remote reflecting or diffusive target. Amplitude and frequency modulation of the electric field are then induced when a variation of the optical path length in the external cavity occurs. This variation may be a consequence of a target displacement or of modulation of the laser emission wavelength, which is easily obtained in a diode laser by modulating the pumping current; both effects can be superimposed for specific sensing applications. Direct detection of the optical power at any point of the beam, for example, by means of the monitor photodiode enclosed in the typical laser diode package, yields a photodetected signal which contains information about the target displacement and the velocity without directional ambiguity [6, [8] [9] [10] , or even about the absolute distance of the target. The effect of the optical feedback involves an amplitude modulation of the detected photocurrent resembling a distorted cosine which is asymmetrically related to the displacement direction. More precisely, the photodetected current can be expressed as [10] 
where τ = τ (t) = 2s(t)/c is the external cavity roundtrip time and ω f = ω f (τ ) is the actual laser oscillation frequency. This frequency differs from the unperturbed value ω 0 (without feedback) and satisfies the equation [10] [11] [12] [13] 
where C is the feedback parameter [10-13]
α is the linewidth enhancement factor (typically α = 3-7), κ is the fraction of the emitted electric field which is reinjected into the cavity and τ L is the diode cavity roundtrip time.
The actual distortion depends on the fraction of reinjected power and for increasing feedback levels in a single-mode laser the detected waveform assumes a sawtooth-like behaviour until, for C > 1, it shows bistability with hysteresis and abrupt transitions occur for ω 0 τ = 4πs/λ = 2mπ , with m an integer [10] [11] [12] [13] . For example, transitions are observed every time the target is displaced by s = λ/2, where λ is the laser emission wavelength, and they happen to be downwards or upwards for increasing or decreasing length of the external cavity.
The sawtooth-like behaviour as well as the onset of bistability with hysteresis are explained by the theory [10] developed starting from the Lang and Kobayashi equations [11] , which describe the operation of the ideal singlemode diode laser in the presence of external feedback. In figure 2 we report numerical simulations of the function F (t) = cos ω f τ versus time for different values of the feedback parameter C when the reflecting target follows the displacement of figure 2(a). Good agreement between theoretical and experimental results has been verified with Fabry-Perot red and infrared diode lasers (670-850 nm), nominally single mode. A requirement is that the amplitudes of the residual side modes are 20-30 dB below the main mode; no hysteresis is recorded with multimode lasers for C > 1.
On the other hand, for very weak feedback, the induced modulation is very similar to the interferometric fringes obtained with the classical external configurations [2] .
The feedback interferometer can be operated in different working conditions depending on the level of backreflection, allowing one to select the 'biasing' feedback level best suited for each specific application. By operating the interferometer in the weak or moderate feedback regime, the inherent ambiguity of the cosine function is suppressed even with the use of a single interferometric channel, in contrast to what happens with the classical configurations.
Optical sensing applications

Velocimetry
The use of feedback interferometry in velocimetry is probably the most extensively investigated application. If the target is moving with constant velocity v at angle θ with respect to the laser beam, then s(t) = vt cos θ and the photodetected current is given by
where ω D is the well known Doppler frequency. Therefore, the target velocity can be recovered from the frequency spectrum of the photodetected current. This effect was first observed with He-Ne [1, 2] and CO 2 [3] lasers and, recently, also with semiconductor lasers [4, 6, [14] [15] [16] [17] [18] [19] [20] [21] [22] . The application of this method to velocimetry of liquid flow and of blood perfusion in tissue has been reported by various authors [19] [20] [21] [22] : the feedback effect is easily generated by backscattered light, even of very low intensity. Moreover, optical fibres can be used to perform feedback velocimetry in barely accessible regions [18] [19] [20] . In the presence of signal distortion due to higher feedback levels, it becomes difficult to identify the Doppler frequency in the current spectrum, but velocity can still be obtained from the repetition rate of the abrupt transitions [6, 17] .
Absolute distance measurement
With a stationary target and in the presence of backreflection, modulation of the laser output occurs if the laser emission wavelength is changed. If we modulate the laser diode driving current with a ramp, the feedbackinduced modulation in the photodetected current appears as a periodic intensity fluctuation, such as those presented in figure 2 , superimposed on the ramp. For C > 1, abrupt transitions occur every time the emission frequency is changed by c/(2L ext ), where L ext is the external cavity length, i.e. the laser-target distance. Given the slope df/dt due to the pumping current modulation, the absolute distance is easily found as [5, 23 ]
where T is the mean time between transitions, which is better evaluated by taking an average over many ramp periods. An alternative method consists in measuring the number N of transitions (eventually adding the fringe fraction) produced by the maximum frequency variation f max due to the applied current ramp [5, 24] , so that
In the weak feedback regime, since distortion is very limited, the modulation frequency component f D can be identified in the spectrum (if f max c/2L ext ) [15] and L ext is obtained by
The resolution is limited by the maximum frequency variation f max which can be obtained by modulating the diode laser pumping current without causing mode hopping on a different laser cavity mode.
Vibrometry and displacement measurement
Recently, some authors have presented a vibrometer based on the detection of the feedback-induced changes in the laser emission frequency by means of a Fabry-Perot cavity which analyses a small fraction of the optical power. Since the laser emission frequency also depends on the reinjected power and the target distance, a suitable calibration is required to extract information on the amplitude and frequency of the remote target vibrations, for example, by applying a controlled vibration to the laser diode, but the maximum measurable amplitude is limited to λ/4 [25] . Another reported method for displacement measurements uses a triangular waveform to modulate the laser pumping current and detect the relative phase shift of the induced modulation on the photodetected current with respect to a fixed standard [24, 26, 27] . The direction of motion of the target is given by the phase-shift direction. The claimed resolution of this technique is λ/10 and the accuracy is limited by thermal effects on the wavelength of emission, as is usually reported for semiconductor lasers.
The simplest method for displacement measurements with the feedback interferometer still consists in counting the transitions, that is the interferometric fringes since each transition corresponds to a λ/2 displacement. This technique can also be applied for amplitude vibration measurements, as reported in [28] for the investigation of silicon microresonator properties.
Displacement measurements in digital mode
In many industrial applications, displacement measurements must be performed over a wide range, 1-2 m, with resolution of 1-2 µm, but small-size, lightweight optical measuring heads are required. Laser diode feedback interferometry is a suitable configuration for satisfying all these requirements with a simple scheme. As already mentioned, in the moderate feedback regime (1 < C < 4.6) abrupt transitions occur in the photodetected signal every time the target is displaced by s = λ/2. The transitions are downwards and upwards for increasing and decreasing length of the external cavity, respectively. Therefore, if the photodetected signal is differentiated, positive and negative pulses are generated for upward and downward transitions, respectively. Pulse polarity indicates the direction of movement, so that if pulses are counted with an up-down counter according to their polarity, the effective target displacement with λ/2 resolution and sign is obtained. We have thus exploited this principle to design and realize the prototype of a new interferometric instrument for displacement measurements in digital readout mode [10, 29] .
The instrument consists of an optical head, which is connected to a PC-interfaced electronic unit. A schematic of the prototype is illustrated in figure 3 . The optical head contains a commercially available laser diode yielding a single longitudinal mode at λ = 670 nm when biased well above threshold. It also incorporates the front-end transimpedance amplifier (AC coupled), a collimating lens and an optical attenuator. When we use a corner cube as a retroreflector and a collimated laser beam, the regime of bistability with hysteresis is obtained with a 2% powertransmissivity attenuator in alignment conditions. With a lower attenuation, the laser may enter the multistability regime and eventually reach coherence collapse, so that malfunctioning of the instrument appears. When the use of a corner cube attached to the remote target becomes cumbersome, the feedback interferometer can be operated on diffusive surfaces: in some cases in order to reach the selected feedback regime it is sufficient to remove the attenuator, while for very poor reflectors one can select to focus the beam or to cover the illuminated area with a highly diffusive surface. Unfortunately, working in the speckle pattern regime always involves a reduction of the operating range because of speckle statistics and occasional fading.
The electronic unit contains a high-pass filter which supplies positive and negative pulses when the fast transitions occur.
The pulses are amplified, and then separated according to their polarity and shape. Displacement is obtained in metric units by processing the number of counted pulses with a personal computer. The instrument prototype contains a DC current generator for laser pumping and a triangular waveform generator for laser current modulation. This last feature is quite important for more reliable operation of the instrument and it actually serves different purposes. In the presence of backreflection from a stationary target, both emission wavelength and output power are modulated by simply driving the laser diode current with a triangular waveform. By subtraction of the triangular wave we can extract the reflection-induced modulation (bistability with hysteresis) from the photodetected signal, as if the target position was modulated by the triangular wave. The RMS value of the photodetected signal, after triangular wave subtraction, can be used as an indication of hysteresis width. The application of the current modulation may be limited to the initial phase of external cavity alignment, or maintained during the displacement measurement. This second option is recommended in the case of diffusive targets, because the limited coherence of the backscattered field may cause large intensity variations. By continuously monitoring the hysteresis width, target misalignment or beam interruptions are immediately identified. Anyway, modulation does not affect the displacement measurement, since for s = 0 the number of abrupt transitions in the photodetected signal is equal on both ramps of the triangular modulation and the overall number of counts is not incremented. If the object is moving, the number of transitions on the positiveslope ramp is larger or smaller than that on the other ramp depending on the direction of displacement, and the effective number of counts yields the exact displacement.
The total displacement S is related to the number N 0 of pulses counted by
where λ 0 is the emission wavelength at the laser reference temperature T old and n 0 is the air refractive index at the reference environmental conditions. With a corner cube and collimated infrared radiation, the linear relation between displacement and counts is maintained for displacements up to 2 m, for laser-target distances in the range 0.3-2.3 m, while the dynamic range for diffusive surfaces is limited by the speckle pattern effect. However, the effective number of counts N in arbitrary environmental conditions is different from the value N 0 and the displacement S is given by
where the corrective term N/N 0 (that can be estimated) takes into account the variation of the environmental parameters.
The strong temperature dependence of the spectral characteristics of Fabry-Perot semiconductor lasers may be a limitation for performing highly precise interferometric measurements. A wavelength stability of dλ/λ ≈ 10 −6 would require a sophisticated control system for stabilizing the laser temperature to within 0.01
• C. An interesting alternative to pursue high accuracy with laser diodes that we have exploited consists in limiting the temperature stabilization to ±1
• C to avoid laser mode hopping and then compensating the residual laser wavelength variations. We have actually demonstrated that the residual error after the compensation, which can be performed by exploitation of PC-interfacing, can be limited to ±5 × 10 −6 for displacements up to 30 cm [29] .
Displacement measurements in analogue mode
In addition to the counting (or digital) readout mode, in the weak-feedback (C < 1) regime, the function F (t) = I f /I 0 = cos(ω f τ ) obtained through the interferometric signal at the preamplifier output can be inverted to compute the analogue displacement signal s(t) even for amplitudes comparable to λ/2 [30] . The sign of ds/dt, which is required for the inversion, can be determined by direct inspection of the F (t) waveform in contrast to what happens with a classical interferometric signal. The equations for signal inversion and the rules for slope extraction can be implemented on a personal computer to reconstruct s(t) from F (t). The digital and analogue readout modes can thus be provided by the same instrument interfaced with a personal computer. A more advanced prototype should also include the control of the optical attenuation inserted in front of the laser, so as to select a feedback regime more suitable for the specific application.
